Background.
INTRODUCTION AND AIMS
Almost 40% of household worldwide, accounting for 2.8 billion people, rely on solid fuels (coal and biomass) for cooking and heating. In some developing countries, the use of biomass fuel is as high as 70 % to 90% (1, 2) . Household air pollution (HAP) from combustion of solid fuels used for cooking and heating, is ranked 10th as a contributor to the global burden of disease (3, 4) and the third leading risk factor for global mortality and disability-adjusted life years (DALYs) (5) . Long-term exposure to fine particulate matter (PM2.5) of size 2.5 μm contributes to 4.2 million deaths and a loss of 103.1 million DALYs; majority of this burden is borne by developing countries (6) . In 2004, HAP exposure resulted in nearly 2 million deaths globally with illnesses including 12% from pneumonia, 34% from stroke, 26% from ischemic heart disease, 22% from chronic obstructive pulmonary disease (COPD), and 6% from lung cancer (7) .
Studies have found an association between air pollution and adverse pregnancy outcomes including stillbirths, low birth weight (LBW), small for gestational age (SGA), preterm births and birth defects. (8) (9) (10) Results from a meta-analysis found that birth weight in grams (g) was negatively associated with 10 μg/m 3 increase in ambient PM10 (-10.31 g; 95% confidence
interval [CI], -13.57 to -3.13 g; I-squared=0%, p=0.947) and PM2.5 (-22.17 g; 95% CI, -37.93 to -6.41 g; I-squared = 92.3%, p<0.001) exposure during entire pregnancy, adjusted for maternal smoking (11) . Increasingly, studies have evaluated the role of HAP from solid fuel combustion and found a stronger association between HAP and adverse birth outcomes compared to the effect of ambient air pollution (12, 13) . A recent meta-analysis found that exposure to HAP from solid fuels resulted in an 86.4 g (95% CI: 55.49, 117.37) reduction in birth weight, and a 35%
(EE = 1.35, 95% CI: 1.23, 1.48) and 29% (EE = 1.29, 95% CI: 1.18, 1.41) increased risk of LBW and stillbirth respectively (14) . Smoke emissions from solid fuel combustion in inefficient cookstoves and inadequate ventilation releases relatively high concentrations of PM2.5, carbon monoxide (CO) and several other organic and inorganic compounds (15) . Several of these compounds share similar toxic properties as those found in environmental tobacco smoke (ETS) (16) . Evidence from ETS and animal studies have indicated that these pollutants may be absorbed by maternal blood and may cross the blood brain barrier to cause toxicity to the fetus (17, 18) . In many developing countries, women of child-bearing age typically spend a large portion of their time cooking daily. They are exposed to higher levels of HAP for longer duration and are thus more vulnerable to the adverse health effects of HAP exposure. Since almost onethird of world's population is exposed to HAP from solid fuel, even modest increase in the risk of adverse pregnancy outcomes has large scale implications on the overall health of the population.
Despite growing evidence on prenatal HAP exposure and adverse birth outcomes, certain questions remain. For example, most studies conducted to date studying HAP and birth outcomes have been conducted in developing countries such as India Guatemala, Pakistan, and Ghana, which have other competing risk factors for adverse birth outcomes such as malnutrition, poverty, infections and poor access to health care (14, 19) . In-home deliveries and limited access to prenatal care in rural regions may often result in gaps in information related to fetal growth and pregnancy-related complications making it difficult to control for residual confounding factors to estimate the true effect of HAP on the fetal health. The labor-intensive and high costs associated with conducting air quality monitoring in all households, further limit several HAP studies to qualitative exposure assessment. These assessment can lead to exposure misclassification , especially in households with mixed fuel usage (20) . To address some of these challenges, we designed a birth-cohort study in Sri Lanka, to study the association between prenatal exposure to HAP from biomass smoke emissions and adverse birth outcomes. We hypothesized that prenatal exposure to HAP from biomass cooking fuel in pregnant mothers is associated with increased risk of adverse birth outcomes including miscarriages, LBW, SGA, and preterm births. Sri Lanka, a middle-income country with a population of about 21 million people, has 92% literacy and maternal-child health indicators comparable to most developed nations (21) . About 74% of the population in Sri Lanka continue to use biomass fuel (unprocessed wood) in urban, semi-urban and rural areas (22, 23) . The high prevalence of biomass fuel use and low prevalence of other competing factors such poor nutrition and 98%
coverage of antenatal care, made Sri Lanka an ideal setting to study the effects of HAP on birth outcomes.
MATERIALS AND METHODS

Study cohort and recruitment
The study was conducted in 
Data collection
At enrollment, a structured baseline questionnaire was administered to all participants to elicit information on demographic factors, residential history, medical history, maternal and paternal occupational history, history of active and passive tobacco smoking; and household characteristics. A section of the questionnaire collected detailed information on factors related to HAP resulting from solid fuel use. Information was also collected on other sources of indoor and outdoor pollution, contributing to household pollution. Maternal pregnancy history and fetal measurements at birth, were obtained from antenatal clinics at birth.
(i) Exposure assessment
Exposure to HAP exposure during the pregnancy was assessed using information collected from baseline questionnaire (n=545) on routine cooking practices and two-hour real-time area measurements for PM2.5 and CO during the cooking period in a subset of households (n=303 out of 545 We partitioned the data (n=275) randomly into training (n=192) and test (n=83) datasets using a 7:3 ratio respectively. The training dataset was then used to identify factors significantly associated with log-transformed PM2.5 and fit a multivariable linear regression to model log-transformed PM2.5 as a function of significant risk factors. Adjusted R 2 was used to evaluate the model fit. We identified three independent risk factors associated with log-transformed PM2.5 including multilevel fuel categories, kitchen type, and daily cooking time at p <0.05 (Table 1) . The model R 2 was 0.57 (Table 2 ).
In the test dataset, the beta (β) coefficients from training model were used to predict (ii) Birth outcome assessment
In our study, 100% of the births occurred in the hospitals and measurements for fetal growth were recorded within 24 hours of delivery. Prenatal and delivery medical records were abstracted by the research assistants from the hospital records, including prenatal medical history, delivery complications, infant birth weight, length, head circumference, and gestational age at birth.
Gestational age was estimated based on the date of onset of the last menstrual period and ultrasound in the first trimester. LBW was defined as birth weight <2500 grams at birth. Small for gestational age was defined as full-term babies weighing <2500 grams at birth. Pre-term births were defined as <37 weeks of gestation.
(iii) Covariates and potential confounders
The baseline questionnaire collected detailed information on socio-demographics, general household information, occupational history for pregnant mothers and their spouse, past medical history for mothers, and parity. The body mass index (BMI) at 1 st and 3 rd trimester was calculated from measured weight and height. We also examined smoking, alcohol and drug use during pregnancy and exposure to environmental tobacco smoke (ETS) and other toxic chemicals such as pesticides and lead.
Ethical review
All study protocols were approved by the Ethical Review Board at the UKe and at the University of Alabama at Birmingham (UAB).
Statistical analysis
We computed mean, standard deviation and median for continuous variables; and frequencies and percentages for categorical variables. All variables were using the student's t-test, Analysis of Variance (ANOVA), Wilcoxon's and Kruskal Walli's for parametric and non-parametric continuous variables; and the chi-square (χ 2 ) test or Fisher's Exact test for categorical variables as appropriate. The outcomes including LBW, SGA and pre-term births were coded as binary variables (had the outcome = 1; no outcome = 0). In bivariate analysis, we examined the relationship between HAP exposure and LBW, pre-term births and SGA. We also examined the prevalence of outcomes across all the categories of covariates to identify potential risk factors.
We used logistic regression to compute crude odds ratio and their 95% confidence intervals of LBW, pre-term births and SGA across HAP exposure. Covariates were included in multiple regression models if they were associated in bivariate analyses with HAP (categorical or continuous) and outcomes for a p-value < 0.1. Several factors were identified as a priori covariates including maternal age, education, parity, body mass index in the 1 st and 3 rd trimester, family income, and maternal risk factors associated with poor birth outcomes such gestational diabetes and pregnancy induced hypertension, and child's gender, to be included in the final model. Models for LBW were adjusted for pre-term births. We used a multivariable logistic regression to compute odds ratio as a measure of association between HAP exposure and birth outcomes, adjusting for potential confounding factors. We constructed separate models for different types HAP exposure. Use of 100% LPG was the referent group for both dichotomous and three-category HAP exposure. All analyses were conducted using SAS 9.4. Table 3 summarizes the socio-demographic characteristics of the pregnant women. The average age of mothers was 29 years (SD = 4.9; median = 29), were all married. About 34% of the women were primiparaous (n=184). Most women had completed their secondary education (86%) and majority were of Sinhalese ethnicity. None of the women smoked cigarettes, drank alcohol or used drugs during pregnancy. Almost 80% of the participants owned the house that they lived in (n= 439, 80%) while 16% (n=87) rented their homes. Based on the use of materials for building floors, walls and roofs, the homes were categorized as either permanent (n=350, 66%) or semi-permanent (n= 179, 33%). About 53% of the subjects' households had piped water supply, 24% had tube-well water, and 18% had well water-supply. The main source of drinkingwater in majority of household was located inside the yard (48%, n=261); in 26% of households, it was located inside the house (n=143) and in 17% of homes it was located outside the house (n=92). Almost 82% of the households had private flushed toilets (n=450); remaining households had either shared flushed toilets (n=14) or private pit latrine, composting or bucket latrines (11%, n=62).
RESULTS
In the cohort, 52% (n= 284) of the women reported using wood, 3.5% used kerosene (n=19) and 45% used LPG (n = 245), as the main primary fuel on the baseline questionnaire (table 1) .
The households were further classified into three fuel use categories based on the type of primary and secondary fuels used and the percentage of the fuels used on a weekly basis. Majority of the household either used to >50% of wood (n=157, 50%). The second largest group was households using >50% of LPG or kerosene supplemented with wood (n=134, 25%). The third group used only LPG supplemented occasionally by kerosene or electric stoves (n=122, 22%). Households using wood either used a traditional (29%, n=157) or improved cookstove (21%, n=114).
Majority of kitchens were indoor kitchen (85%, n=466). Other kitchen types included temporary Among households with 2-hour air quality measurements (n=303), the geometric mean (GM) for PM2.5 among wood users [n = 157, 52%; geometric mean (GM) = 737 μg/m 3 , standard error (SE) = 80] was almost 4 times higher that the levels measured in households using >50% of LPG with wood and almost 7 times higher than households using 100% LPG [n=68, 22%; GM (SE) =100 μg/m 3 (10) ].
The proportion of LBW children in the cohort was 13% (n= 70 of 545) and the preterm births were 10% (n=57). The total number of SGA births were 46 (10%) out 486 term births. About 65% of the mothers had vaginal delivery including forceps (n=6) and vacuum deliveries (n=5).
Of the total 545 newborns, 52% were boys. 
LBW
SGA and preterm births.
We found significant positive association the two and three level categorical HAP exposure and SGA but the results were not significant in the adjusted models (Table 5) . A moderately significant association was found between 10-unit increase in PM2.5 and SGA (OR = 1.69; 95% CI = 1.03-2.02), after adjusting for significant covariates (Table 5) . No association were noted between HAP exposures and pre-term birth (not displayed in tables)
Discussion
In our study, we found significant positive associations between continuous PM2.5 and LBW and SGA. Association between categorical HAP exposure and LBW and SGA were positive but not significant. The results are consistent with previous air pollution studies including ambient and household air pollution. (10, 11, 24) To our knowledge, our study is the first to quantify kitchen PM2.5 using a exposure model, in households without monitored data and evaluating the association between estimated PM2.5 and birth outcomes. We discuss the exposure estimation methods and effect estimates for LBW and SGA in context of previous literature and highlight the strengths and limitations of our study.
Exposure estimation
In our study, we used information on stacking of fuel during an average week, to characterize gradient in HAP exposure. Stacking of fuel is where the household supplements the main fuel with secondary fuel for cooking certain dishes such as rice or beans or for special occasion such as festivals or holidays. We then used the gradient exposure categories and other drivers of exposure to PM2.5 including kitchen characteristics and average daily cooking time to predict total kitchen PM2.5. This novel approach was used to evaluate the feasibility of using questionnaire responses to predict PM2.5 concentration in kitchen during cooking period, for households that did not have monitoring data. Cross-validation approach evaluated the robustness of the model and found it 57% to predict PM2.5. In ideal circumstances, accurate measurement of HAP exposure would require continuous personal monitoring using portable monitors for a period of 24-48 hours period in all subjects. But conducting air quality monitoring in all subjects significantly increases study costs and respondent burden. Previous HAP studies have mostly relied on questionnaire responses as surrogate for exposure. In more recent studies, questionnaire data is supplemented with area measurements for short time periods (snapshots) at multiple time points to generate time-integrated exposure metric to characterize chronic exposure. In these studies, households using solid fuel as primary cooking fuel are classified into at most three fuel type categories including wood, kerosene and those using LPG or electricity.
However, simply relying on the type of main fuel use may not allow for evaluation of exposureresponse effects of HAP. vs. r= 0.56) was also higher in our study compared to that reported by study.
Our results indicate moderate feasibility of using detailed questionnaire information to quantify HAP exposure. Increased frequency and longer duration of air quality monitoring can improve the accuracy of the predictive model. The high degree of variability resulting due to stacking of fuels and kitchen characteristics, and time-activity pattern among the subjects could have resulted in exposure misclassification. Furthermore, changes in patterns of fuel use over the course of pregnancy could also result in exposure misclassification. However, we evaluated the consistency in fuel use reported at baseline and at the time of air quality measurement in 2 nd and 3 rd trimester and found limited change.
HAP, LBW and previous studies
The results of our birth-cohort evaluating the relationship between HAP and LBW were consistent with the largest birth-cohort study to-date as well as several meta-analyses published (24) . Results from other meta-analyses also found increased prevalence of LBW between 10% to 45%, associated with HAP exposure (12, 14, (29) (30) (31) (32) (33) (34) . The effect estimates in our study are closer to the higher end of central estimates reported by individual studies and meta-analyses. In our study, the mean 2-hour kitchen PM2.5 in kitchens using any biomass fuel was almost 12 times higher than households using LPG (1649 vs. 143).
Balakrishnan et al., (2018) reported 24-h average kitchen concentrations in households which
were much lower than those reported in our study (wood use: 228.5±232. . We did not find significant association between HAP and pre-term births and still births. Given the small numbers for still births (n=9), the study lacked sufficient power to make any notable findings.
Our study had several strengths. We modeled exposure HAP in several different ways and found consistent results across all various regression models. The retention rate in the study was almost 84% (545/656) after accounting for miscarriages, still births and twin pregnancies.
The study participants were identified through routine prenatal check-ups at the ante-natal clinics and were representative of the study population. All births occurred in hospitals and birth weight was recorded within 24-hours. Gestational age was determined by ultrasound examination in 1 st trimester if there was doubt about the last menstrual period. Consequently, reducing information bias for LBW and SGA. In Sri Lanka, government-funded public health system provides prenatal and antenatal care to almost 99% of the pregnant mothers. Thus, we were able to verify self-report of maternal medical history with maternal pregnancy records obtained from the antenatal clinics. Maternal lifestyle, such as smoking cigarettes, and use of alcohol, are known confounding factors for adverse birth outcomes. However, none of the mothers in our study smoked or consumed alcohol. Information on environmental tobacco smoke was self-reported but no significant differences were noted for LBW and normal children. We were able to collect and adjust for known confounding factors associated with LBW and SGA including pregnancy induced hypertension, gestational diabetes, and other complications during pregnancy such as essential hypertension, high head, hyperemesis, hyperthyroidism, hypothyroidism, and threatened miscarriage.
The major limitation of our study lack of 24-hour air quality measurements for indoor and ambient air quality. Data on indoor air quality was available for 60% of total household in the study, thus decreasing the accuracy of exposure estimation as a result of some exposure misclassification. However, internal consistency in results suggest minimum information bias.
HAP exposure and outcome in several different ways and assessing the consistency between the results. Secondly, data was missing maternal weight 1 st and 3 rd trimester, as well as information on open doors and windows, thus reducing the effective sample size for analysis. However, the missing data was distributed equally across all fuel categories. Thus, the effect estimates were most likely biased towards null.
Conclusion.
Our study evaluating HAP and birth outcomes in Sri Lanka adds to the growing evidence linking HAP to LBW and SGA. Although, air quality measurements were conducted in a subset of households, we maximized the use of information gathered from interviews to quantify HAP exposure in household without measured data. Results of this study are important as almost 74%
of the population in Sri Lanka continue to use wood for cooking. 
